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I. THE HUMAN VESTIBULAR SYSTEM 

The c o n t r o l  systems eng inee r  views t h e  v e s i b u l a r  appar- 

a t u s  bo th  as a p o t e n t i a l  problem and as a cha l lenge .  The 

problem s t e m s  from the  use  of v e h i c l e s  t o  expose men t o  o t h e r  

t han  the normal 'environment f o r  which t h e  v e s i b u l a r  system w a s  

des igned ,  r e s u l t i n g  i n  such man-machine i n t e r f a c e  d i f f i c u l t i e s  

as v e r t i g o ,  d i s o r i e n t a t i o n ,  and motion s i c k n e s s .  T h e  cha l l enge  

comes i n  a t t empt ing  t o  recreate mechanical ly  t h e  elements  of an 

a t t i t u d e  c o n t r o l  system or s h o r t  t e r m  i n e r t i a l  guidance system 

of t h e  s i z e  of t h e  non-auditory l a b y r i n t h .  

Our research on t h e  v e s t i b u l a r  system a t t empt s  t o  develop 

mathematical  models f o r  i t s  func t ion ing ,  much i n  t h e  manner of 

a c o n t r o l  eng inee r  examining t h e  dynamic c h a r a c t e r i s t i c s  of t h e  

senso r s  of a feedback system. Such models, of course,  i n d i c a t e  

only average responses  and are a guide  t o  i n t e r p r e t i n g  exper i -  

ments. W e  have app l i ed  a n a l y s i s  and c r i t i c a l  experiments  t o  

develop mathematical models of t h e  s e m i c i r c u l a r  c a n a l s  and 

o t o l i t h s .  These methods are t y p i c a l  of t h e  techniques  be ing  

used throughout  t h e  f i e l d  of b i o l o g i c a l  c o n t r o l  systems. Seco- 

ndly ,  t h i s  approach p o i n t s  o u t  t hose  s p e c i a l  areas where t h e  

cmt ro l  systems a n a l y s i s  has raised impor tan t  q u e s t i o n s  d i r e c t -  

ed t o  t h e  p h y s i o l o g i s t .  W e  are involved i n  a c o n s t a n t  a t t empt  

t o  develop a model which e x p l a i n s  b e h a v i o r a l  " input-output"  

d a t a  and i s  c o n s i s t e n t  w i t h  t h e  known p h y s i o l o g i c a l  s t r u c t u r e .  

The model serves i ts  purpose by p o i n t i n g  o u t  t h e  new areas for  

i n v e s t i g a t i o n  and by posing t e s t a b l e  hypotheses .  
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Perhaps t h e  most important  b e n e f i t  d e r i v a b l e  from t h e  

v e s t i b u l a r  models i s  t h e  development of b e t t e r ,  r e p e a t a b l e  and 

e f f i c i e n t  methods of c l i n i c a l  d i agnos i s .  Many of our  exper i -  

ments have i n d i c a t e d  t h i s  p o s s i b i l i t y  and wi th  t h e  appointment 

of D r .  A. Weiss from the  Massachuset ts  Eye and E a r  Inf i rmary  as 

Research Assoc ia te  i n  our  l abora to ry ,  t h e  e f f o r t  t o  apply 

knowledge of v e s t i b u l a r  models t o  d i agnos i s  w i l l  r e c e i v e  new 

impetus du r ing  t h e  coming year .  S i m i l a r l y ,  with t h e  a d d i t i o n  

of P ro f .  R .  Curry t o  the Man Vehicle  Laboratory s t a f f  w e  ex- 

p e c t  t o  expand our  a c t i v i t i e s  i n  t he  a r e a  of s t a t i s t i c a l  iden- 

t i f i c a t i o n  methods, t h e  mainstay of b i o l o g i c a l  c o n t r o l  systems 

a n a l y s i s .  

The fol lowing material  p r e s e n t s  r e s u l t s  of four  f u r t h e r  

i n v e s t i g a t i o n s  of t h e  human v e s t i b u l a r  system. While t h e  f i r s t  

t w o  r e p r e s e n t  a t tempts  t o  r e f i n e  and v e r i f y  v e s t i b u l a r  models, 

the l a t t e r  are e f f o r t s  t o  b r i n g  a n a l y s i s  i n t o  t h e  c l i n i c  and i n  

v e r t i g o  prevent ion .  

1.1 V e s t i b u l a r  Adaptat ion To Hor i zon ta l  Rota t ion  (L.Young,C.Oman) 

The lack  of a s u i t a b l e  mathematical  d e s c r i p t o r  f o r  adap- 

t a t i o n  and h a b i t u a t i o n  has been a p e r s i s t e n t  d i f f i c u l t y  wi th  

t he  s imple,  second o r d e r  t o r s i o n  pendulum mathematical model 

f o r  semic i rcu lar  c a n a l  response.  I n  p a r t i c u l a r ,  d a t a  of ro- 

t a t i o n  experiments  i n d i c a t e  t h a t  bo th  t h e  nystagmus and t h e  

s u b j e c t i v e  response are fundamentally d i f f e r e n t  from t h a t  

p r e d i c t e d  pu re ly  on the  b a s i s  of a second o rde r  model. T h e  

no tab le  d i sc repanc ie s  are: 
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a. The s e n s a t i o n  of r o t a t i o n  t o  s u s t a i n e d  c o n s t a n t  angu la r  

a c c e l e r a t i o n  has  been shown t o  decay,  whereas t h e  model p r e d i c t s  

a c o n s t a n t  s t e a d y  s t a t e  s e n s a t i o n  of angu la r  v e l o c i t y  and nys- 

tagmus. 

b. The response  t o  a sudden chsnge ( s t e p )  i n  angu la r  vel-  

o c i t y  has  been observed t o  overshoot ,  whereas t h e  m o d e l  pre-  

d i c t s  an exponen t i a l  decay t o  t h e  t h r e s h o l d  level .  

c .  There i s  ample ev idence  t h a t  t h e  dynamics of  t h e  sub- 

j e c t i v e  v e l o c i t y  response are fundamentally d i f f e r e n t  from 

those  of t h e  nystagmus: A c o n s i s t e n t  d i f f e r e n c e  appears  i n  t h e  

t i m e  c o n s t a n t s  conven t iona l ly  determined f o r  t h e  second o r d e r  

c a n a l  model depending upon whether they are e s t ima ted  from eye 

movement r eco rd ing  o r  from measurements of  s u b j e c t i v e  s e n s a t i o n  

of  r o t a t i o n  (cupulograms.) 

To e l i m i n a t e  t h e s e  d i s c r e p a n c i e s  a model w a s  developed 

which cascaded an a d a p t a t i o n  o p e r a t o r  f o r  nystagmus and f o r  

s u b j e c t i v e  response  w i t h  second o r d e r  dynamics r e p r e s e n t i n g  t h e  

p h y s i c a l  behavior  of t h e  cupula  i t s e l f ,  as shown i n  F igu re  1. 

This  approach accounts  f o r  a l l  t h e  p rev ious ly  mentioned d i f f i -  

c u l t i e s  w i t h  t h e  second o r d e r  formula t ion ,  The model w a s  de- 

veloped t o  f i t  average response d a t a  from a number of  s o u r c e s ,  

and allows a r e i n t e r p r e t a t i o n  of t h e  r e s u l t s  from c lass ica l  ex- 

per iments  on nystagmus and s u b j e c t i v e  response.  

The fundamental assumption i n  t h e  model i s  t h a t  adapta- 

t i o n  has  associated wi th  i t  a s h o r t  t e r m  homeos ta t ic  mechanism 

which r e s u l t s  i n  a s h i f t  i n  t h e  ze ro  s e n s a t i o n  and nystagmus 

v e l o c i t y  response  r e f e r e n c e  l e v e l s .  W e  hypothes ize  t h a t  t h e  cu- 

pu la  response  s i g n a l  undergoes m o r e  r a p i d  a d a p t a t i o n  i n  t h e  sub- 

jective p a t h  t h a n  i n  t h e  nystagmus pa th .  I t  should be empha- 
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s i z e d ,  however, t h a t  d e s p i t e  t h e  success  of t h e  model i n  ac- 

count ing  f o r  t h e  d i f f e r e n c e s  between nystagmus and s u b j e c t i v e  

response,  l i t t l e  should be i n f e r r e d  d i r e c t l y  f r o m  t h e  mathema- 

t i c a l  a d a p t a t i o n  o p e r a t o r  about  t h e  under ly ing  p h y s i c a l  mech- 

anism associated w i t h  t h i s  process .  

The input -output  t r a n s f e r  f u n c t i o n  of t h e  a d a p t a t i o n  op- 

erator  i t s e l f  appears  as : 

'a 

i n  Laplace t ransform n o t a t i o n .  The a d a p t i v e  dynamics repre-  

s en ted  by t h e  expres s ion  i n  equa t ion  (1) e x h i b i t  a s imple  ex- 

p o n e n t i a l  decay w i t h  a t i m e  c o n s t a n t  of -ra i n  response t o  a 

s t e p  d e f l e c t i o n  of t h e  cupula.  

A s  a model of t h e  dynamics of the p h y s i c a l  end organ w e  

main ta in  t h e  t o r s i o n  pendulum form. Steer's r igo rous  f l u i d  

dynamics a n a l y s i s  has  given suppor t  t o  t h e  adequacy of t h e  

over-damped second order t r a n s f e r  func t ion .  Our approach w a s  

t o  hypothes ize  t w o  p a t h s  f o r  t h e  model o u t p u t ;  one f o r  t h e  sub- 

jective response  and one f o r  t h e  nystagmus slow phase v e l o c i t y .  

D i f f e r e n t  a d a p t a t i o n  t i m e  c o n s t a n t s  f o r  each pathway w e r e  de- 

termined and p l aced  i n  a series wi th  a second order cupula  

t r a n s f e r  f u n c t i o n  r e s u l t i n g  i n  t h e  model shown i n  F igu re  1. 

Groen and others p o i n t  o u t  t h a t  t h e  long pe r iod  t i m e  con- 

s t a n t  of  t h e  cupula  r e t u r n  phase i s  estimated a t  approximately 

t e n  seconds f o r  t h e  h o r i z o n t a l  p l ane  by s u b j e c t i v e  cupulometry, 

b u t  it i s  estimated a t  1 6  t o  20 seconds based on t h e  nystagmus 

cupulogram. A fundamental assumption behind t h e  second o r d e r  

model i s  t h a t  bo th  t h e  s u b j e c t i v e  s e n s a t i o n  of r o t a t i o n  and t h e  
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angular  v e l o c i t y  of slow phase nystagmus are p r o p o r t i o n a l  t o  

cupula  displacement .  Thus one would expec t  t h a t  t hey  should 

fo l low a s i m i l a r  t i m e  course  of decay u n t i l  pas s ing  through 

t h e i r  r e s p e c t i v e  t h r e s h o l d  levels, t h u s  i n d i c a t i n g  t h e  r a t i o  of 

v i scous  damping t o  cupula  s p r i n g  cons t an t .  

For  ou r  model the  cupula  phase t i m e  c o n s t a n t  of t h e  second 

o rde r  p h y s i c a l  dynamics w a s  chosen t o  b e  16  seconds. F igu re  2 

i l l u s t r a t e s  t h e  response  of t h e  s u b j e c t i v e  pa th  of t h i s  model 

t o  a s t e p  change i n  angu la r  v e l o c i t y  such as t h a t  used i n  t h e  

Cupulogram tes t .  The p r e d i c t e d  cupula  response  i s  a l so  shown. 

Note t h a t  t h e  p r e d i c t e d  s u b j e c t i v e  angu la r  v e l o c i t y  decays more 

r a p i d l y  than  t h e  cupula  r e t u r n  and overshoots  s l i g h t l y .  

A l s o  shown i n  F igu re  2 i s  t h e  nystagmus response which ex- 

h i b i t s  t h e  r e l a t i v e l y  weak 1 2 0  second t i m e  c o n s t a n t  a d a p t a t i o n  

dynamics [ s / ( s + . O O 8 )  3 i n  t h e  oculomotor loop of t h e  model. 

T h e  nystagmus curve decays w i t h  p r a c t i c a l l y  t h e  same t i m e  con- 

s t a n t  as does t h e  cupula d e f l e c t i o n .  When t h e  model nystagmus 

d a t a  taken  f o r  s e v e r a l  d i f f e r e n t  v e l o c i t y  s t e p  magnitudes i s  

examined i n  t e r m s  of t h e  d u r a t i o n  of p o s t  r o t a t i o n  nystagmus or, 

e q u i v a l e n t l y ,  the  t i m e  u n t i l  t h e  model curve  nasses  below 

t h r e s h o l d ,  it i n d i c a t e s  a long t i m e  c o n s t a n t  of about  1 6  seconds.  

If the  s u b j e c t i v e  angu la r  v e l o c i t y  is s i m i l a r l y  treated,  how- 

e v e r ,  and t h e  t i m e  d u r a t i o n  of s u b j e c t i v e  response is  es t ima ted  

as though the e n t i r e  system w e r e  seconds o r d e r l  t h e  apparent  

t i m e  c o n s t a n t  is approximately 1 0  seconds. These two values 

ag ree  very  c l o s e l y  w i t h  t h e  observed o b j e c t i v e  and s u b j e c t i v e  

t i m e  c o n s t a n t s  de r ived  f r o m  cupulometry. Thus, t h e  e f f e c t  of 

t h e  a d a p t a t i o n  o p e r a t o r  i n  the s u b j e c t i v e  loop i s  t o  s h o r t e n  
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t h e  apparent  (second o rde r )  t i m e  c o n s t a n t ,  and t o  e x p l a i n  t h e  

impor tan t  discrepancy mentioned e a r l i e r .  

The l i n e a r i z e d  s u b j e c t i v e  response overshoot  is  also 

shown i n  F igu re  2 .  A l a r g e  enough a c c e l e r a t i o n  impulse w i l l  

cause t h e  magnitude of t h e  overshoot  t o  exceed th re sho ld  and a 

"second e f f e c t "  o r  s u b j e c t i v e  r e v e r s a l  of d i r e c t i o n  i s  p r e d i c t -  

ed.  T h i s  r e v e r s a l  has  been noted on many occasions.  The adap- 

t a t i o n  model a l s o  p r e d i c t s  an overshoot  f o r  nystagmus response 

t o  v e l o c i t y  s t e p s ,  b u t  i t s  magnitude is  n o t  n e a r l y  as g r e a t  as 

t h a t  of t h e  s u b j e c t i v e  overshoot .  

I t  should be  noted t h a t  t h e  t i m e  c o n s t a n t  and th re sho ld  

s p e c i f i e d  f o r  t h e  model are t h e  r e s u l t  of a f i t  of a p a r t i c u l a r  

set  of average response d a t a .  Data from i n d i v i d u a l  s u b j e c t s  

may d e v i a t e  somewhat from t h e  responses  p r e d i c t e d  he re .  I n  

t h i s  regard ,  however, it is  i n t e r e s t i n g  t o  no te  t h a t  working 

independent ly ,  Jones and Malcolm of M c G i l l  Univers i ty  have 

measured nystagmus response f o r  long d u r a t i o n  angular  accelera- 

t i o n s ,  and a l s o  observed t h a t  t h e i r  r e s u l t s  w e r e  a t  va r i ance  

wi th  t h e  second o r d e r  model. An adap ta t ion  ope ra to r  for  t h e  

nystagmus pathway was hypothesized,  and an analog computer was 

used t o  match t h e  model wi th  the  exper imenta l  d a t a .  The r e s u l t -  

ing  model showed remarkably good f i t s  f o r  i n d i v i d u a l  experiment- 

a l  d a t a ,  as w e l l  as for  average response.  S i g n i f i c a n t l y ,  whi le  

t h e  assumptions made i n  t h e  d e r i v a t i o n  of t h e  a d a p t a t i o n  opera- 

t o r  w e r e  q u i t e  d i f f e r e n t  i n  t h e  M c G i l l  s tudy ,  they  l e a d  t o  a 

dynamic express ion  for  an adap ta t ion  operator i d e n t i c a l  i n  

f o r m  with t h a t  of our s tudy .  
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.I,2 Low Frequency Linear  S t imula t ion  (L. Von Renner) 

The r e v i s e d  dynamic o t o l i t h  w a s  based on tests 

conducted on s u b j e c t s  p laced  i n  a l i n e a r  accelerator. A t  low 

f r equenc ie s ,  t h e  sirr\ulator t r a c k  a v a i l a b l e  i s  n o t  s u f f i c i e n t l y  

long t o  permi t  a c c e l e r a t i o n s  which w i l l  exceed t h e  o t o l i t h  

th re sho ld .  

One way t o  compensate f o r  t h i s  d i f f i c u l t y  i s  t o  apply t h e  

low frequency s i n u s o i d a l  angle  i n p u t  t o  t h e  r o l l  motion of a 

r o t a t i o n  s imula to r .  I n  t h i s  case, care must be  taken  t o  avoid 

s t i m u l a t i o n  of t h e  s e m i c i r c u l a r  cana l s .  The requirements  are 

t h a t  f o r  a g iven  frequency t h e  ampli tude must g r e a t l y  exceed t h e  

th re sho ld  of pe rcep t ion  f o r  an u p r i g h t  head (0,005g) and t h e  

maximum angular  a c c e l e r a t i o n  must be less than  t h e  t h r e s h o l d  f o r  

the  v e r t i c a l  s e m i c i r c u l a r  c a n a l s  ( .5'/seC21 . 
The experimental  des ign  called f o r  t h e  fol lowing s t imula-  

t i o n :  

Table  I. S i n u s o i d a l  Rota t ion  S t imula t ion  

rad /sec  ampli tude 
( z e r o  t o  peak) 

.02 

.04 

.06 

.08 

.1 

.12 

.16 

.2 
- 4  
.5 

6' 
6' 
6' 
6' 
6' 
6' 
6' 
6' 
3' 
2' 

Severa l  problems w e r e  encountered i n  adapt ing  t h e  Man- 

Veh ic l e  NE-2 s imu la to r  f o r  use i n  t h i s  experiment .  The main 
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d i f f i c u l t y  w a s  t h a t  of producing a smooth cab p o s i t i o n  output  

i n  response t o  a s i n e  wave command. This  problem w a s  f i n a l l y  

reso lved  by adding a d i t h e r  s i g n a l  of 28 cps t o  t h e  low fre- 

quency inpu t .  

1 . 2 . 1  Experimental  Procedure 

The s u b j e c t  w a s  s e a t e d  u p r i g h t  i n  the  cab,  and seat and 

harness  s t r a p s  w e r e  secured.  N o  head r e s t r a i n t  w a s  provided;  

however, t h e  s u b j e c t  w a s  i n s t r u c t e d  t o  keep h i s  head e r e c t ,  sta- 

t i o n a r y ,  and f ac ing  t h e  f r o n t  of t h e  cab. The ope ra to r  w a s  

i n s t r u c t e d  t o  i n d i c a t e  by means of a s t i c k  c o n t r o l  on t h e  r i g h t -  

hand armrest, t h e  d i r e c t i o n  of h i s  motion; a t  t i m e s  of uncer- 

t a i n t y ,  t he  s t i c k  w a s  t o  remain up r igh t .  N o  r e s t r i c t i o n  w a s  

p laced  on t h e  means by which the s u b j e c t  w a s  t o  make h i s  dec i -  

s i o n s ,  except  t o  warn him t h a t  t h e  a c c e l e r a t i o n  of t h e  cab i n  

response t o  the  d i t h e r  s i g n a l  had an envelope which w a s  roughly 

s i n u s o i d a l ,  b u t  wi th  nodes t h a t  d id  n o t  correspond t o  t h e  max- 

imum p o s i t i o n  d isp lacement  of t h e  cab. The canopy w a s  covered 

by an opaque c l o t h ,  and t h e  t r i a l s  began. 

Genera l ly ,  a s i g n a l  of moderate f requency ( 0 . 0 8  rad /sec)  

w a s  f i rs t  app l i ed .  This  permi t ted  t h e  s u b j e c t  t o  g e t  a " f e e l "  

f o r  the experiment .  A f t e r  t h r e e  c y c l e s ,  t h e  lowest  frequency 

t o  be  cons idered  ( . 0 2  rad/sec) w a s  applied and subsequent  fre- 

quencies  app l i ed  i n  ascending o r d e r  t o  t h e  maximum value  

(.5 r a d / s e c ) .  S ix  s u b j e c t s  w e r e  tested, f o u r  i n  t h i s  manner 

and two q i t h  t r ia l s  i n  random orde r .  The d a t a  f o r  t h e s e  t w o  

s u b j e c t s  d i d  n o t  d i f f e r  s t a t i s t i c a l l y  from t h a t  of t h e  ordered  

sequence, sugges t ing  t h a t  t h e  o rde r  of s t i m u l a t i o n  w a s  n o t  of 

much s i g n i f i c a n c e .  
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1 . 2 . 2 .  Resu l t s  and Discuss ion  

The exper imenta l  d a t a  w a s  analyzed f o r  i n t e r s u b j e c t  vari-  

a t i o n s  which w e r e  found t o  be  i n s i g n i f i c a n t ,  Subsequent ly ,  

t h e  mean and s t anda rd  d e v i a t i o n  of t h e  grand t o t a l  of f o r t y  

d a t a  p o i n t s  p e r  f requency w e r e  ob ta ined .  

The r e s u l t s  are presented  i n  F igure  3 along wi th  the  pre- 

d i c t e d  r e s u l t s  of t h e  o t o l i t h  model. C l e a r l y  t h e  shape bea r s  

c l o s e  resemblance and t h e  a n t i c i p a t e d  l e v e l i n g  o f f  of phase l a g  

a t  l o w  f requencies  resembles t h e  model. However, t h e  phase 

s h i f t  of roughly f i f t y  degrees  which s e p a r a t e s  t h e  model from 

t h e  d a t a  makes e x a c t  i n t e r p r e t a t i o n  of the r e s u l t s  d i f f i c u l t .  

Such a s h i f t  might be expected because t h e  experiment d i f f e r e d  

cons iderably  from t h a t  upon which t h e  model w a s  based. One 

impor tan t  d i f f e r e n c e  w a s  t h a t  of a h igh  frequency d i t h e r  

s i g n a l  which w a s  app l i ed  as on a d d i t i v e  i n p u t  experiments .  Its 

purpose w a s  t o  provide  smooth r o l l  motion of t h e  cab b u t  it may 

also have caused a cont inuous and randomly o r i e n t e d  shea r  

a c c e l e r a t i o n  t o  t h e  sensory  cells  of t h e  macula, This  i n  t u r n  

could y i e l d  a de lay  i n  t h e  s u b j e c t i v e  s e n s a t i o n  of the v e l o c i t y  

vec to r .  

I n  r e t r o s p e c t ,  it i s  very l i k e l y  tha t  t h e  semic i r cu la r  

cana l s  w e r e  a l s o  s t imu la t ed  t o  f u r t h e r  complicate  t h e  na tu re  

of t h e  measured response.  

With t h e  r e c e n t  a c q u i s i t i o n  of Link GAT-1 by t h e  Man- 

Vehic le  Laboratory,  w e  are now i n  t h e  process  of r epea t ing  

t h e s e  series of experiments w i t h  s u f f i c i e n t  confidence of being 

able t o  avoid ambiguous s t imu la t ion .  
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1.3 D i r e c t i o n a l  Preponderance ( B i a s )  i n  the Semic i rcu lar  Canals 
(P. Mirchandani) 

I n  s o m e  pre l iminary  experiments  w e  had observed that  sub- 

jects have a tendency t o  d r i f t  i n  a p r e f e r r e d  d i r e c t i o n  of ro- 

t a t i o n  i n  t he  absence of non-ves t ibu lar  s t i m u l i .  Some experiments  

have been completed which i n v e s t i g a t e d  and q u a n t i f i e d  t h i s  

phenomenon. 

Our s u b j e c t s  w e r e  seated i n  a c h a i r  free t o  rotate about  a 

v e r t i c a l  a x i s .  They w e r e  asked t o  keep t h e i r  heads v e r t i c a l  

such t h a t  t h e  e x c i t a t i o n  of t h e  o t o l i t h  organs w a s  minimized. 

The r o t a t i n g  chair w a s  enclosed i n  a darkened compartment t o  

prevent  any e x t e r n a l  v i s u a l  cues .  T h e  subject w a s  provided w i t h  

a c o n t r o l  s t i c k  w i t h  which he could c o n t r o l  t he  movement of t h e  

c h a i r .  The r o t a t i n g  c h a i r  was g iven  a random i n p u t  i n  angular  

motion and t h e  s u b j e c t  was asked t o  keep the  c h a i r  s t a t i o n a r y .  

The r e s u l t s  of t h e  experiment showed t h a t  t h e  s u b j e c t  d i d  

have a tendency t o  r o t a t e  i n  a preferred d i r e c t i o n  wi thout  being 

aware of t h e  fact .  O f  t h e  seven s u b j e c t s  tested, t h r e e  s u b j e c t s  

always d r i f t e d  i n  one d i r e c t i o n ,  and t h e  rest d r i f t e d  i n  a pre- 

f e r r e d  d i r e c t i o n  a t  least  80% of the time. I t  w a s  f u r t h e r  

no t i ced  that t h e  subjects tended t o  d r i f t  i n  the  p r e f e r r e d  d i r -  

e c t i o n  a t  an approximately c o n s t a n t  angu la r  a c c e l e r a t i o n .  The 

mean of average angu la r  a c c e l e r a t i o n s  of t h e  s u b j e c t s  i n  t h e i r  

p r e f e r r e d  d i r e c t i o n  of r o t a t i o n  w a s  0.1625 r ad ians / sec2 .  T h e  

s t anda rd  d e v i a t i o n  of t h i s  va lue  was .067 r ad ians / sec2 .  

The s u b j e c t s  w e r e  f u r t h e r  examined by D r .  A.D. Weiss of 

t h e  Massachuset ts  Eye and E a r  Inf i rmary .  They w e r e  given a 

g e n e r a l  v e s t i b u l a r  examinat ion such as t h e  ones usua l ly  g iven  
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t o  p a t i e n t s  wi th  e a r  d e f e c t s .  O f  p a r t i c u l a r  importance i n  t h e  

v e s t i b u l a r  examinat ion was t h e  c a l o r i c  t e s t i n g  wi th  both  h o t  

and co ld  water i r r i g a t i o n .  From t h e  record ing  of t h e  nystagmus, 

t h e  d u r a t i o n  of nystagmus w a s  noted. Appropriate  a n a l y s i s  of 

t h i s  d a t a  i n  t u r n  gave the reduced v e s t i b u l a r  response i n  one 

e a r ,  as compared wi th  the o t h e r ,  and t h e  d i r e c t i o n a l  preponder- 

ance i n  one d i r e c t i o n  of nystagmus, a s  compared with t h e  o t h e r  

d i r e c t i o n ,  both i n  d u r a t i o n  and s l o w  phase v e l o c i t y .  

Although high c o r r e l a t i o n  was n o t  observed between D r .  

Weiss' tests and those  run on the  r o t a t i n g  c h a i r ,  t h e r e  seemed 

s i g n i f i c a n t  b ina ry  c o r r e l a t i o n  between t h e  reduced v e s t i b u l a r  

response,  wi th  eyes open, and t h e  b i a s  a s  measured with t h e  ro- 

t a t i n g  c h a i r .  Five of the  s i x  s u b j e c t s  tested by D r .  Weiss 

showed reduced v e s t i b u l a r  response i n  t h e  e a r  corresponding t o  

t h e  d i r e c t i o n  of b i a s  r o t a t i o n .  This  would mean t h a t  s u b j e c t s  

who tended t o  d r i f t  t o  t h e  l e f t  a l s o  usua l ly  have t h e i r  l e f t  e a r  

more s e n s i t i v e  t o  c a l o r i c  t e s t i n g .  

Fu r the r  tests are e s s e n t i a l  be fo re  any in fe rence  can be made. 

Other tests must be  conducted which would d i s t i n g u i s h  whether t h e  

bias w a s  psychologica l  i n  na tu re ,  However, t h e r e  seems t o  be 

doubt of t h e  f a c t  t h a t  a b i a s  does e x i s t  i n  t h e  s e m i c i r c u l a r  

cana l s .  On tbe assumption t h a t  a d i r e c t i o n  preponderance d i d  

e x i s t ,  t h e  physiology of the  v e s t i b u l a r  system and t h e  c u r r e n t  

model of the semic i r cu la r  cana l s  were examined and an exp lana t ion  

f o r  such a b i a s  w a s  sought.  On the  b a s i s  of t h e  e x i s t i n g  know- 

ledge of t h e  s e m i c i r c u l a r  cana l s  fou r  p o s s i b l e  explana t ions  w e r e  

ob ta ined  which could be accommodated both pbys io log ica l ly  and 

mathematical ly .  These fou r  exp lana t ions  are  given b r i e f l y  be- 

l o w .  -11- 



1. T h e  d i r e c t i o n a l  preponderance could  be  due t o  a per- 

manent d i sp lacement  i n  t h e  cupula  of the s e m i c i r c u l a r  c a n a l s .  

I n  t h e  presence  of a random n o i s e  ( o r  movement) t h e  s u b j e c t  

must ro t a t e  h imsel f  a t  a c o n s t a n t  angular  a c c e l e r a t i o n  t o  have 

an  average s e n s a t i o n  of remaining s t a t i o n a r y .  

2 .  I t  has been w e l l  e s t a b l i s h e d  t h a t  t h e r e  i s  a t h r e s h o l d  

i n  t h e  s e m i c i r c u l a r  cana l s  below which f o r  whatever angu la r  

a c c e l e r a t i o n  the  s u b j e c t  does n o t  f e e l  any s e n s a t i o n s .  The 

d i r e c t i o n a l  preponderance could be  due t o  a psycho log ica l  b ias  

of the  subject t o  work on one s i d e  of t h e  th re sho ld .  I n  t h i s  

case, t h e  s u b j e c t  must r o t a t e  himself  a t  a c o n s t a n t  accelera- 

t i o n  ( O r  a t  a uniformly i n c r e a s i n g  a c c e l e r a t i o n  depending on 

t h e  model of t h e  s e m i c i r c u l a r  c a n a l s  adopted) i n  order t o  have 

an average s e n s a t i o n  of remaining s t a t i o n a r y .  

3 .  The d i r e c t i o n a l  preponderance could be due t o  an 

asymmetry i n  the  t h r e s h o l d  n o n - l i n e a r i t y  of t h e  s e m i c i r c u l a r  

c a n a l s ,  t h e  asymmetry r e s u l t i n g  f r o m  a d i f f e r e n c e  i n  t h e  thres- 

hold l i m i t s  i n  t h e  t w o  d i r e c t i o n s  of r o t a t i o n .  Again, i n  

o r d e r  t o  have an average s e n s a t i o n  of remaining s t a t i o n a r y ,  

t h e  s u b j e c t  must ro t a t e  himself  a t  a c o n s t a n t  a c c e l e r a t i o n  

( o r  a t  uniformly i n c r e a s i n g  a c c e l e r a t i o n  depending on t h e  

model of t h e  s e m i c i r c u l a r  cana l s  adapted)  . 
4 .  An asymmetry i n  t h e  t h r e s h o l d  of t h e  s e m i c i r c u l a r  

c a n a l s  could a l so  be due t o  a d i f f e r e n c e  i n  t h e  s e n s i t i v i t y  

t o  r o t a t i o n  i n  t h e  t w o  d i r e c t i o n s .  Again, t h e  s u b j e c t  must 

rotate himself  a t  a c o n s t a n t  a c c e l e r a t i o n  ( o r  a t  a uniformly 

i n c r e a s i n g  a c c e l e r a t i o n  depending on t h e  model of t h e  s e m i -  

c i r c u l a r  c a n a l s )  i n  order t o  have an average s e n s a t i o n  of 

remaining s t a t i o n a r y .  
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The above exp lana t ions  w e r e  examined mathematical ly  and 

i n  each case it  w a s  shown how such a s i t u a t i o n  may r e s u l t  i n  

t h e  b i a s  i n  angular  a c c e l e r a t i o n  i n  a p r e f e r r e d  d i r e c t i o n .  W e  

are pursuing f u r t h e r  experimentat ion and a n a l y s i s  t o  determine 

which of t h e  above f o u r  exp lana t ions ,  o r  t h e i r  combination, o r  

some o t h e r  exp lana t ion ,  i s  t h e  a p p r o p r i a t e  phenomenon which 

man i fe s t s  i t s e l f  i n  t h e  d i r e c t i o n a l  preponderance of t h e  human 

v e s t i b u l a r  s y s  t e m .  

S i m i l a r l y ,  f u r t h e r  i n v e s t i g a t i o n  is  underway t o  see wheth- 

er our  method of t e s t i n g  d i r e c t i o n a l  preponderance could be 

a u s e f u l  d i a g n o s t i c  t o o l  i n  h o s p i t a l s  and c l i n i c s  and i n  ves- 

t i b u l a r  research .  I t  i s  hoped t h a t  r e p e a t a b i l i t y ,  r e l i a b i l i t y ,  

i t s  l o w  p r e p a r a t i o n  t i m e ,  and i t s  low discomfort  q u a l i t y  w i l l  

make t h i s  method p r e f e r r a b l e  t o  some of t h e  e x i s t i n g  c l i n i c a l  

t echniques .  

1 . 4  Anti-Vert igo Display System Oman) 

I n  recent months, our e f f o r t s  t o  develop v a l i d  mathemati- 

c a l m o d e l s  f o r  the s e m i c i r c u l a r  cana l s  and o t o l i t h s  using the  

techniques of c o n t r o l  theory have been reviewed i n  an a t tempt  

t o  d e f i n e  and i n v e s t i g a t e  the e t i o l o g y  of v e r t i g o ,  and t h e  

i n t e r a c t i o n  between v i s u a l  and v e s t i b u l a r  motion cue i n p u t s .  

W e  conclude t h a t  t he  one b a s i c  c i rcumstance a s s o c i a t e d  w i t h  

most-cases of v e r t i g o  i s  t h a t  a c o n f l i c t  arises as a man 

attempts subconsciously t o  cont inue  t h e  process  of e s t a b l i s h -  

i ng  a concept ion of h i s  dynamic o r i e n t a t i o n  i n  space i n  t h e  

presence of c o n t r a d i c t o r y  v i s u a l  and v e s t i b u l a r  cues .  

l i e v e  t h a t  t h e  occurrence of d i s o r i e n t a t i o n  r e s u l t i n g  from 

W e  be- 
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c o n f l i c t i n g  sensory m o d a l i t i e s  might be a l l e v i a t e d  by a system 

which shows a v e r t i g i n o u s  s u b j e c t  a d i s p l a y  of 

world o r i e n t e d  w i t h  r e s p e c t  t o  h i m  so t h a t  it wo 

on t h e  average, w i th  h i s  s j e c t i v e  pred 

t i o n  of the  o u t s i d e  world based only  an h i s  nonvisual  modali- 

ties. I n  essence, the  c o n f l i c t  between the v i s u a l  and the  

v e s t i b u l a r  i n p u t ,  presumably t h e  major source  of sensory mo- 

d a l i t y  c o n f l i c t  i n  most s i t u a t i o n s ,  would thereby be reso lved .  

Hence, experiments  w e r e  undertaken t o  i n v e s t i g a t e  v i s u a l  

and v e s t i b u l a r  motion cue i n t e r a c t i o n .  The l a b o r a t o r y ' s  

r o t a t i n g  chair  w a s  modif ied t o  inc lude  a r o t a t i n g  drum pro jec t -  

o r  t o  produce a moving s t r i p e  d i s p l a y  on a sc reen  i n s i d e  the  

cab. 

as t o  experience a s i m p l e  form of v e r t i g o ,  "dizzyness ,"  which 

r e s u l t s  from l i n g e r i n g  s e n s a t i o n  of r o t a t i o n  a f t e r  a c e s s a t i o n  

of angular  v e l o c i t y ,  

f o r  human v e s t i b u l a r  response t o  angular  a c c e l e r a t i o n  i n  a 

h o r i z o n t a l  p l ane  w a s  used t o  c o n t r o l  the moving bar d i s p l a y ,  

Subjec ts  were sea t ed  i n  t h e  c losed  cab and s t imu la t ed  s o  

A nonra t iona l  paaameter computer model 

t hus  c r e a t i n g  a v i s u a l  i n p u t  which could be made t o  agree  o r  

t o  d i s a g r e e  w i t h  the  t h e o r e t i c a l  s u b j e c t i v e  s e n s a t i o n  of mo- 

t i o n  r e l a t i v e  t o  t h e  o u t s i d e  world. The system i s  diagrammed 

i n  F igure  4 .  

P re l iminary  experime involv ing  fou r  types  of tests on 

e subjects w e r e  performed. A t y p i c a l  v e l o c i t y  p r o f i l e  i s  

shown i n  F igure  5. Subjec ts  w e r e  asked t o  i n d i c a t e  the  o n s e t  

r o t  i n  a g i  i o n  by pushing a 

swikch ,  and t o  s i g n a l  each n ine ty  degrees  of 

I n  addi- subsequent  r o t a t i o n  i n  t h a t  p a r t i c u l a r  d i r e c t i o n .  
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t i o n ,  s u b j e c t s  were t o l d  t o  i n d i c a t e  d i r e c t l y  when they  f e l t  

confused i n  t h a t  they  could no longer  determine t h e i r  angular  

v e l o c i t y .  The r e s u l t s  of t h e  experiments  i n d i c a t e d  t h a t  i n  

t h e  presence of a c o n f l i c t i n g  v i s u a l  cue,  s u b j e c t s  e i t h e r  be- 

came unable  t o  assess t h e i r  angu la r  v e l o c i t y ,  o r  r epor t ed  

s u b j e c t i v e  v e l o c i t i e s  which w e r e  p r i m a r i l y  v e s t i b u l a r  i n  o r i g i n .  

N o  confusion w a s  r epor t ed  when t h e  d i s p l a y  w a s  d r iven  s o  t h a t  

the v i s u a l  cue was sympathet ic  t o  t h e  t h e o r e t i c a l  s u b j e c t i v e  

angular  v e l o c i t y  p r o f i l e ,  even though it was n o t  i d e n t i c a l  

w i t h  t h e  a c t u a l  c h a i r  v e l o c i t y .  (F igure  5 is  tyrs ical . )  How- 

e v e r ,  every s u b j e c t  r epor t ed  confusion e i t h e r  when t h e  d i s p l a y  

w a s  an t i - sympathe t ica l ly  d r iven  o r  when t h e  v i s u a l  i n p u t  was 

d r iven  so t h a t  it w a s  s t a b i l i z e d  w i t h  r e s p e c t  t o  t he  o u t s i d e  

world.  

1.5 Nystagmus Computer Program (J. Tole)  

I n  a d d i t i o n  t o  t h e  above r epor t ed  a c t i v i t i e s ,  an on- l ine  

hybr id  computer program t o  analyze and process  nystagmus is  

very n e a r l y  completed t o  f a c i l i t a t e  and expedf te  g r e a t l y  our  

experimental  work. T h i s  comrsuter program removes f a s t  phase 

saccades from an eye movement record ing  t o  o b t a i n  the  climula- 

t i v e ' e y e  p o s i t i o n .  T h e  in format ion  obta ined  i n  t h i s  manner i s  

f u r t h e r  processed 

d e r i v e  t h e  v e l o c i t y  of t h e  slow phase nystagmus. 

by a p s u e d o - d i f f e r e n t i a t o r  i n  o rde r  t o  
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11. CONTROL O F  POSTURE I N  MAN (La Nashner) 

Ear ly  i n  1968 t h e  Man-Vehicle Laboratory i n i t i a t e d '  

a s tudy  t o  develop a q u a n t i t a t i v e  d e s c r i p t i o n  f o r  t h e  c o n t r o l  

of pos tu re  i n  t h e  human. The model t o  be developed p l aces  par-  

t i c u l a r  emphasis on: 

1. desc r ib ing  a b a s i c  conf igu ra t ion  f o r  t h e  process ing  

of in format ion  i n  t h e  nervous system 

2 .  desc r ib ing  t h e  modes of adap ta t ion  w i t h i n  t h i s  con- 

f i g u r a t i o n  t o  changing e x t e r n a l  cond i t ions .  

I n i t i a l l y  our  i n v e s t i g a t i o n  and t h e  model w i l l  cons ide r  

c o n t r o l  a c t i o n s  about  t h e  ankle  j o i n t  only.  The many l e v e l s  

of c o n t r o l  feedback used i n  p o s t u r a l  c o n t r o l  w i l l  be  s i m p l i f i e d  

t o  two, t h e  f i r s t  r e g u l a t i n g  only w i t h i n  t h e  body r e f e r e n c e  

frame and the  second coord ina t ing  both i n t e r n a l l y  and e x t e r -  

n a l l y  re ferenced  informat ion  t o  r e g u l a t e  t h e  body w i t h  r e s p e c t  

t o  i t s  e x t e r n a l  environment. 

Our r e sea rch  e f f o r t  i n  t h e  a r e a  of p o s t u r e  c o n t r o l  pro- 

ceeds along t h e  fol lowing l i n e s :  

a)  review of physiology 

b)  des ign  of pos tu re  experiments  

c) des ign  and t es t  of a moving s i m u l a t o r  

d )  d a t a  process ing  and a n a l y s i s  des ign  

e) pos tu re  experiments  and model s y n t h e s i s  

A t  t h e  p r e s e n t  t i m e  a l l  p repa ra to ry  work f o r  t h e  expe r i -  

mental  e f f o r t  (phases ( a )  through ( d ) )  has  been completed. A 

summary of t h i s  t a s k  fol lows.  
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11.1 Background Physiology 

Sensors  i n  a l l  areas of the  body are used i n  t h e  c o n t r o l  

of pos tu re .  Some of  t h e s e  senso r s  measure w i t h i n  a body r e f -  

e rence  frame, w h i l e  o t h e r s  i n d i c a t e  o r i e n t a t i o n  of t h e  body 

wi th  r e s p e c t  t o  i t s  e x t e r n a l  environment. Sensory p rocess ing  

and t h e  gene ra t ion  of p o s t u r e  commands i s  also h igh ly  d i f f u s e d  

throughout  the  c e n t r a l  nervous system, t h e  lowest level  oc- 

c u r r i n g  a t  the  s p i n a l  v e n t r a l  r o o t s  and ex tending  t o  t h e  

h i g h e s t  b r a i n  c e n t e r s .  

Although unders tanding  of  t h e  p o s t u r e  c o n t r o l  system is  

f a r  from complete,  many f e a t u r e s  o f  o r g a n i z a t i o n  and f u n c t i o n  

are understood. 

11.1.1 Propr iocep to r  Organs 

The muscles s p i n d l e s  and the  Golgi tendon organs g i v e  

feedback commands t o  t h e  lowest  l e v e l  p rocess ing  loop i n  t h e  

body r e f e r e n c e  frame, known a s  t h e  s p i n a l  r e f l e x e s .  These sen- 

s o r s  also send col la terals  t o  t h e  cerebel lum and t o  t h e  c e r e b r a l  

c o r t e x  where f u r t h e r  coord ina t ion  of commands and responses  

t a k e s  p l a c e .  Informat ion  from muscle s p i n d l e s  and G o l g i  t en -  

don o rgans ,  however, never  reaches conscious exper ience  and i s  

b e l i e v e d  n o t  t o  be involved i n  t h e  i n i t i a t i o n  of vo lun ta ry  ac- 

t i o n s .  

Muscle s p i n d l e s  are i n t e r s p e r s e d  throughout  p o s t u r e  regu- 

l a t i n g  muscles.  Each measures loca l  muscle l e n g t h  ex tending  

over several c e n t i m e t e r s ,  w i t h  muscles involved  i n  f i n e  c o n t r o l  

having more s p i n d l e s  p e r  u n i t  weight  t han  t h o s e  performing 

only coarse movements. 
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The s p i n d l e  i s  composed of  s e v e r a l  s m a l l  i n t r a f u s a l  mus- 

cle fibers of t w o  t y p e s ,  nuc lea r  bag and n u c l e a r  c h a i n  f i b e r s .  

Col la terals  from a s i n g l e  primary group I a f f e r e n t  s p i r a l  a- 

round t h e  c e n t r a l  r eg ion  of each f i b e r .  Col la te ra l s  from a 

s m a l l  secondary group I1 a f f e r e n t  form d i f f u s e  endings ad- 

j a c e n t  t o  the  c e n t r a l  r eg ion ,  g e n e r a l l y  on n u c l e a r  c h a i n  f i -  

b e r s ,  b u t  a lso on nuc lea r  bag f i b e r s .  The s p i r a l  endings of 

t h e  primary a f f e r e n t  are s e n s i t i v e  t o  both  the  l e n g t h  and t o  

t h e  v e l o c i t y  of t h e  i n t r a f u s a l  f ibers,  w h i l e  t he  secondary 

endings are s e n s i t i v e  only t o  t h e i r  l eng th .  

The nuc lea r  bag f ibers  are inne rva ted  by s m a l l  y e f f e r -  

e n t s  s e p a r a t e d  f u n c t i o n a l l y  i n t o  t w o  groups,  y-dynamic and 

y-s ta t ic  f i b e r s .  Anatomically,  t h e  y fibers are s e p a r a b l e  

i n t o  t h r e e  groups according t o  t h e  type  of ending: 

1. 

2 .  p2 endings;  mostly bag,  a few on c h a i n  

pl endings;  bag fibers only  

3. t r a i l  endings on both bag and c h a i n  

There i s  no c o n s i s t e n t  r e l a t i o n s h i p  between t h e  f u n c t i o n a l  and 

anatomical  d e f i n i t i o n s .  

Inc reased  a c t i v i t y  i n  t h e  y-dynamic e f f e r e n t  f i b e r  g r e a t l y  

i n c r e a s e s  the  v e l o c i t y  g a i n  of  t h e  primary a f f e r e n t  f i b e r .  The 

l e v e l  of  a c t i v i t y  i n  t h e  fibers determines t he  bias l e v e l  of 

d i scha rge  f o r  both t h e  s t a t i c  and dynamic a f f e r e n t s .  

Golgi  tendon organs are muscle force t r a n s d u c e r s .  Each 

organ i s  l o c a t e d  i n  series w i t h  a s m a l l  group of s k e l e t a l  mus- 

cle fibers and measures t h e  sum t o t a l  f o r c e  e x e r t e d  by t h e  

group. The group of muscle f i b e r s  comprising one organ u n i t  
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are g e n e r a l l y  from d i f f e r e n t  motor u n i t s ;  t h u s ,  each organ 

samples t h e  l e v e l  of a c t i v i t y  i n  several motor u n i t s .  

Receptors l o c a t e d  w i t h i n  t h e  j o i n t s  are s e n s i t i v e  t o  t h e  

o r i e n t a t i o n  angle  of t h e  j o i n t .  These r e c e p t o r s  are n o t  l i n -  

ear, rather each one has  a maximum s e n s i t i v i t y  t o  a unique 

f i x e d  angle  w i t h  t h e  response f a l l i n g  o f f  r a p i d l y  f o r  angular  

d e v i a t i o n s  i n  ei ther d i r e c t i o n ;  t h u s ,  angle  informat ion  i s  

t r a n s m i t t e d  i n  t h e  form of both  frequency and t h e  s p a t i a l  d i s -  

t r i b u t i o n  o f  responses  among t h e  many j o i n t  angle  senso r s .  

Cutaneous and s u r f a c e  p r e s s u r e  sensors g i v e  informat ion  a- 

bout the  i n t e n s i t y  and l o c a t i o n  of p o i n t s  of c o n t a c t  between 

the body and t h e  e x t e r n a l  environment. A s  wi th  t h e  j o i n t  re- 

c e p t o r s ,  information is coded both s p a t i a l l y  and and temporal ly .  

TI.1.2 Spina l  Cord S t r u c t u r e  

A c r o s s  s e c t i o n  through t h e  s p i n a l  cord reveals a b u t t e r -  

f ly-shaped grey r eg ion  surrounded by a whi te  region.  T h e  w h i t e  

p e r i p h e r a l  reg ion  con ta ins  t h e  descending and ascending t r a c t s  

o r i g i n a t i n g  i n  o r  going t o  t h e  h ighe r  b r a i n  c e n t e r s .  The cen- 

t r a l  grey reg ion  i s  composed of a complex n e t  of smal l  nerve 

cells  c a l l e d  in t e rneurons .  Each in t e rneuron  a c t s  a s  a smal l  i n -  

t e g r a t i n g  dev ice ,  r ece iv ing  many i n p u t s  a t  i t s  c e l l  body and 

t r a n s m i t t i n g  t h e  n e t  r e s u l t  through one short  axon t o  o t h e r  i n -  

t e rneurons .  T h e  .axon of  each in t e rneuron  i s  e i t h e r  e x c i t a t o r y  

o r  i n h i b i t o r y  t o  o t h e r  i n t e rneurons .  

Motorneurons are loca ted  a t  the v e n t r a l  reg ion  of t he  grey 

matter. They a r e  s i m i l a r  i n  s t r u c t u r e  t o  in t e rneurons  except  

they a r e  l a r g e r  and t h e i r  axons l e a v e  t h e  s p i n a l  cord and 

inne rva te  e i t h e r  skeletal  o r  i n t r a f u s a l  muscle f i b e r s .  The 
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l a r g e r  a motorneurons i n n e r v a t e  s k e l e t a l  muscle,  t h e  axon d i v i -  

d i n g  and s t i m u l a t i n g  a group of  f i b e r s  termed a motor u n i t .  The 

smaller y motorneuron axons s t i m u l a t e  i n t r a f u s a l  f i b e r s  i n  a 

number of  muscle s p i n d l e s .  I t  appears  t h a t  t h e  e f f e c t  of each  

motorneuron axon i s  e x c l u s i v e l y  dynamic o r  s t a t i c  so  t h a t  inde- 

pendent c o n t r o l  of t h e  bias  and g a i n s  i s  l i k e l y .  

A f f e r e n t s  from t h e  p ropr iocep to r s  and commands descending 

i n  t h e  s p i n a l  t r ac t s  e n t e r  the grey  matter and impinge on the  

in t e rneuron  n e t .  The s t r u c t u r e  of t h i s  i n t e r n e u r o n  n e t  i s  

h igh ly  complex, b u t  it shows some d e f i n i t e  p a t t e r n s  of  organiza-  

t i o n  w i t h  r e s p e c t  t o  t h e  sensory  i n p u t s  and commands. 

The primary a f f e r e n t  f i b e r  from each muscle  s p i n d l e  i m -  

p inges monsynapt ical ly  on an a motorneuron a c t i v a t i n g  t h e  homon- 

omous s k e l e t a l  muscle. C o l l a t e r a l s  of each primary a f f e r e n t  f i -  

b e r  a l so  i n n e r v a t e  h ighe r  l e v e l  i n t e rneurons  and ascend t h e  s p i -  

n a l  t r ac t s  t o  t h e  h ighe r  b r a i n  c e n t e r s .  T h e  s imple monosynaptic 

feedback p a t h  acts  as a p o s i t i o n  c o n t r o l  loop ,  a c t i v a t i n g  t h e  

muscle t o  oppose i t s  ex tens ion .  

Muscle s p i n d l e  secondary a f f e r e n t s  impinge on both  lower 

and h ighe r  level  in t e rneurons  w i t h  c o l l a t e r a l s  ascending i n  the  

s p i n e  t o  t h e  h ighe r  b r a i n  c e n t e r s .  The effects of s p i n d l e  sec- 

ondary a f f e r e n t s '  feedback i s  n o t  understood.  

Golgi tendon a f f e r e n t  f i b e r s  e n t e r  t h e  dorsal  roots of  t he  

s p i n a l  column and impinge on f i r s t  level i n t e r n e u r o n s .  These 

in t e rneurons  i n  t u r n  i n h i b i t  t h e  a motor neurons i n n e r v a t i o n  of 

t h e  homonomous muscle f i b e r s .  Col la terals  from t h e  Golgi  organ 

a f f e r e n t s  a l so  i n n e r v a t e  h ighe r  l e v e l  i n t e r n e u r o n s  and ascend 

t h e  s p i n a l  t rac t s  t o  t h e  h i g h e r  b r a i n  c e n t e r s .  
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The Golgi  tendon a f f e r e n t s  ac t  as a c c u r a t e  f o r c e  t ransdu-  

cers throughout  t he  force range  of  t h e  muscle f ibers .  The i n -  

t e r a c t i o n  of t h e  s imple  s p i n d l e  p o s i t i o n  and Golgi organ force 

feedback loops du r ing  p o s t u r e  c o n t r o l  i s  n o t  clear.  I t  i s  l i k e -  

l y  t h a t  t he  r e l a t i o n s h i p  is  f l e x i b l e ,  vary ing  w i t h  t h e  s p e c i f i c  

p o s t u r e  c o n t r o l  t a s k  a t  hand. 

Cutaneous p r e s s u r e  and j o i n t  r e c e p t o r s  have complex s p i n a l  

l e v e l  pa ths  i n n e r v a t i n g  ske le ta l  muscle. These r e c e p t o r s  are 

c l o s e l y  associated wi th  f l e x o r ,  p l a c i n g  and s c r a t c h i n g  r e f l e x e s .  

11.1.3 Higher Bra in  Center  Organiza t ion  

Remarks about t he  o r g a n i z a t i o n  o f  t h e  h ighe r  b r a i n  c e n t e r s  

must be  l i m i t e d  t o  a f e w  g e n e r a l i z a t i o n s  about  t h e  a l l o c a t i o n  of 

func t ions  among t h e  c e n t e r s .  

Voluntary commands are genera ted  i n  t h e  h i g h e s t  b r a i n  area, 

t h e  c e r e b r a l  c o r t e x ,  where informat ion  about  t h e  s ta tes  of t h e  

body and the  e x t e r n a l  environment reaches conscious exper ience .  

The r e s u l t i n g  vo lun ta ry  commands a r e  t r a n s m i t t e d  down t h e  s p i n a l  

column i n  t h e  r a p i d l y  conduct ing pyramidal t r a c t  and less direct-  

l y  v i a  t h e  ex t rapyramidal  t rac t s .  The pyramidal t r ac t  axons en- 

t e r  t h e  grey  matter and impinge on l o w  l eve l  in t e rneurons  or  d i -  

r e c t l y  on motorneurons. The pyramidal t r a c t  axons are able t o  

i n i t i a t e  s t r o n g ,  r a p i d l y  conduct ing a c t i v a t i o n  t o  p o s t u r e  muscle. 

The only  p ropr iocep to r  a f f e r e n t s  r each ing  conscious r eg ions  

are those sens ing  v i s i o n ,  t ouch ,  deep p r e s s u r e ,  and j o i n t  o r i en -  

t a t i o n s .  The s imple body r e f e r e n c e  p r o p r i o c e p t o r s ,  s p i n d l e s  and 

Golgi  organs ,  do n o t  reach consciousness .  

T h e  cerebellum i s  inne rva ted  by a l l  t y p e s  of p ropr iocep to r  

a f f e r e n t  col la terals .  These co l la te ra l s  are among t h e  l a r g e s t  
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and f a s t e s t  conduct ing i n  t h e  ascending t rac ts  of t h e  s p i n e .  

I t  appears  t h a t  t h e  sensory informat ion  remains s h a r p l y  d i f -  

f e r e n t i a t e d  and l o c a l i z e d  i n  some areas of  t h e  cerebellum. 

The cerebel lum also r e c e i v e s  cerebral i n p u t s  i n d i r e c t l y  

through media t ion  of t h e  p r o p r i o c e p t o r  a f f e r e n t s  i n  t h e  In-  

f e r i o r  O l i v e .  

Genera l ly ,  t h e  cerebel lum seems t o  be a coord ina t ing  cen- 

t e r .  One o f  i t s  f u n c t i o n s  appears  t o  be c o o r d i n a t i o n  of pos i -  

t i o n  and f o r c e  informat ion  from p o s t u r e  muscle and i n t e g r a t i o n  

of t h i s  in format ion  wi th  responses  from t h e  h i g h e r  c e n t e r s .  

Removal o r  damage of t h e  cerebellum r e s u l t s  i n  j e r k y ,  inaccur-  

a te  and poor ly  coord ina ted  movements, 

The b r a i n  s t e m  i s  a complex n e t  of s m a l l  i n t e rconnec ted  

nerve cells .  I t  i s  obviously an i n t e g r a t i n g  c e n t e r  f o r  sen- 

so ry  and motor f u n c t i o n s .  This  h igh ly  i n t e r c o u p l e d  and d i f -  

f u s e  s t r u c t u r e  has so  f a r  evaded any detai led f u n c t i o n a l  de- 

s c r i p t i o n .  

1 1 . 2  Design of  p o s t u r e  experiments  

The r e s e a r c h  seeks  t o  d e f i n e  a model which c o n s i s t e n t l y  

d e s c r i b e s  p o s t u r e  c o n t r o l  responses ,  i nc lud ing  t h e  organiza-  

t i o n  l e a d i n g  t o  t h e  no i n p u t  "remnant" response ,  a d a p t a t i o n  

t o  changing p o s t u r e  c o n t r o l  c o n d i t i o n s ,  and t h e  n a t u r e  of  t h e  

response  modes t o  o u t s i d e  d i s t u r b a n c e s .  Ea r ly  experiments 

w i l l  observe s u b j e c t s  i n  t h e  absence of  o u t s i d e  d i s t u r b a n c e s  

and v o l u n t a r i l y  i n i t i a t e d  movements i n  order t o  describe t h e  

c h a r a c t e r i s t i c s  and o r g a n i z a t i o n  g i v i n g  rise t o  t h e  "remnant" 

response.  The basic o r g a n i z a t i o n a l  i n s i g h t s  gained i n  t h e s e  
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e a r l y  experiments  w i l l  be  expanded i n  l a te r  experiments ,  i nco r -  

po ra t ing  t h e  modes of adap ta t ion  and i n t e r a c t i o n  among t h e  feed- 

back loops t o  d i s tu rbances  and v a r i e d  p o s t u r e  c o n t r o l  t a s k s .  

T h e  b a s i c  f e a t u r e s  of t h e  pos tu re  c o n t r o l  model a r e  stated 

a s  d e f i n i t i o n s .  These d e f i n i t i o n s  r e p r e s e n t  assumptions drawn 

from t h e  c u r r e n t  l i t e r a t u r e  on motor-sensory physiology as re- 

viewed i n  t h e  previous s e c t i o n .  

11.2.1 Defined Rela t ionships  i n  t h e  Pos tu re  Control  Model 

The r e f l e x  response i s  de f ined  a s  an ankle  r e a c t i o n  to rque  

r e s u l t i n g  from commands t o  t h e  lower l e g  muscles w i t h  i n t e n s i t y  

p ropor t iona l  t o  t h e  ankle  d e f l e c t i o n  ang le  and t o  t he  d e f l e c -  

t i o n  angle  r a t e .  T h e  g a i n s  of t h e s e  two terms a s  w e l l  a s  t h e  

b i a s  can be independent ly  v a r i e d .  

The h ighe r  c e n t e r  responses  are de f ined  a s  a c t i v i t y  n o t  

a t t r i b u t a b l e  t o  a p r o p o r t i o n a l  r e f l e x  response .  These responses  

can t a k e  t h e  form of e i ther  t r a n s i e n t  changes i n  t h e  r e f l e x  

loop parameters  ( g a i n s  and b i a s e s )  o r  d i rect  a c t i v a t i o n  of pos- 

t u r e  muscles .  If t h e  experiments show o t h e r  forms of response 

these w i l l  be included.  

:/11.2.2 B a s i c  Opera t iona l  Fea tures  of t h e  Pos tu re  Cont ro l  Model 

During c o n s t a n t  e x t e r n a l  cond i t ions  a n k l e  angle  d e v i a t i o n s  

a r e  s m a l l  and t h e  r e f l e x  feedback a c t i v a t i o n  of p o s t u r e  muscle 

is  assumed t o  be l i n e a r .  The remnant response i n  t h e  absence of 

e x t e r n a l  d i s tu rbances  sugges ts  t h e  p o s s i b l e  presence of s e v e r a l  

a d d i t i o n a l  characterist ic f e a t u r e s  of t h e  r e f l e x  feedback loop: 

1. t h e  e x i s t e n c e  of no i se  d i s tu rbances  w i t h i n  t h e  r e f l e x  

c o n t r o l  loop 
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2 .  t h e  e x c i t a t i o n  of f l e x i b l e  body modes by t h e  r e f l e x  

loop responses  

3. marginal  s t a b i l i t y  and very l o w  damping i n  t h e  re- 

f l e x  c o n t r o l  loop 

The h ighe r  c e n t e r s  can act  by changing t h e  r e f l e x  loop 

ga ins  and b i a s e s  and by in t roduc ing  commands d i r e c t l y  t o  pos- 

t u r e  muscles.  These h igher  centez  responses  can be expected 

t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  the t o t a l  remnant response.  

Higher c e n t e r  c h a r a c t e r i s t i c s  l i k e l y  t o  c o n t r i b u t e  t o  t h e  r e m -  

nant  inc lude :  

1. th resho lds  i n  t h e  a c t i v a t i o n  c h a r a c t e r i s t i c s  of h ighe r  

center responses  

2 .  t h e  ex is tence  of no i se  d i s tu rbances  w i t h i n  t h e  feed- 

back loops 

3. a c t i v a t i o n  t i m e  de lays  

I t  i s  not  l i k e l y  t h a t  h ighe r  center c o n t r o l  w i l l  demonstrate  

marginal  s t a b i l i t y  c h a r a c t e r i s t i c s .  

The i n t r o d u c t i o n  of e x t e r n a l  d i s tu rbances  r e q u i r e s  t 

t i a t i o n  of a d d i t i o n a l  responses  from h ighe r  c e n t e r  c o n t r o l  loops.  

Ex te rna l  d i s tu rbances  can t a k e  two g e n e r a l  forms: 

1. those  r e s u l t i n g  i n  torque  d i s tu rbances  t o  t h e  upper 

body and r e q u i r i n g  compensatory to rque  responses  about  t h e  

ankle  j o i n t  

2 .  ankle  angle  d i s tu rbances  a c t i n g  through t h e  f o o t  re- 

q u i r i n g  only compensation of t h e  r e f l e x  loop b i a s e s .  

L a t e r a l  acCelera t ions  of t h e  s t and ing  p la t form in t roduce  

torque  d i s tu rbances  about  t h e  ankle  j o i n t .  A l loca t ion  of ad- 

d i t i o n a l  loop "gains"  and "leads" can be expected t o  improve 

t h e  s u b j e c t ' s  s t a b i l i t y  and prevent  h i s  reaching  t h e  i n s t a b i l i t y  
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t h r e s h o l d  and f a l l i n g .  

Ro ta t ion  of t h e  p l a t fo rm i n t r o d u c e s  ank le  ang le  d i s t u r b -  

ances .  T h e  h ighe r  c e n t e r s  must i n t e r v e n e ,  s i n c e  t h e  r e f l e x  re- 

sponse,  a c t i n g  i n  a body-centered r e f e r e n c e  frame, w i l l  no Long- 

er bear a c o n s t a n t  r e l a t i o n s h i p  t o  t h e  g r a v i t a t i o n a l  frame i n  

which to rque  responses  must u l t i m a t e l y  be determined. Higher 

center compensation i n  t h i s  case could take t w o  forms: 

1. J o i n t  ang le ,  f o o t  p r e s s u r e  d i s t r i b u t i o n ,  v e s t i b u l a r  

and v i s u a l  in format ion  can be  c o r r e l a t e d  t o  cont inuous ly  

update  t h e  r e f l e x  b i a s  so t h a t  t h e  ank le  r e f l e x  response  

remains correlated w i t h  body motions i n  t h e  g r a v i t a t i o n a l  

frame of r e fe rence .  

2 .  The r e f l e x  response  can be suppressed  by s i g n i f i c a n t l y  

lowering t h e  g a i n s  and t h e  c o n t r o l  t a s k  taken  over  more 

completely by t h e  h i g h e r  c e n t e r s .  S ince  t h e  h i g h e r  cen- 

ters are a b l e  t o  use  many more forms of in fo rma t ion ,  t h e  

e f fec t  of the  d i s t u r b a n c e  on t h e  h i g h e r  c e n t e r  comands  

can be cons ide rab ly  less. 

I n  an a c t u a l  s i t u a t i o n  a combination of these t w o  forms of 

compensation might be expected.  

A compliant  p l a t fo rm w i l l  reduce t h e  apparent  g a i n  of a 

r e f l e x  response.  So long  as t h e  compliance i s  no t  g r e a t  e- 

nough t o  cause  i n s t a b i l i t y ,  t h e  bias need n o t  be changed. 

T h e  compliant  p l a t fo rm may be u s e f u l  i n  s tudy ing  t h e  r e l a t i v e  

modes of response  of t h e  d i f f e r e n t  l e v e l s  of  c o n t r o l  and i n  

de te rmining  the  c r i t e r i a  f o r  a l l o c a t i o n  o f  c o n t r o l  among the  

sensory  feedback loops .  
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11. 2.3.  T h e  Pos tu re  C o n t r o l  Experiment8 

T h e  p r i n c i p l e  o b j e c t i v e s  of t h e  experiments  a r e :  

1. determine t h e  sources  of t h e  remnant response modes, 

t h e  p o s s i b i l i t i e s  i nc lud ing  marginal  s t a b i l i t y  f o r  r e f l e x  

c o n t r o l  of ankle  o r i e n t a t i o n  

2 .  v e r i f y  the proposed r e f l e x  c o n t r o l  loop and develop 

a method f a r  f r equen t  sampling of t h e  r e f l e x  loop ga ins .  

3 .  develop a method t o  d i s t i n g u i s h  t h e  de f ined  h ighe r  

c e n t e r  responses  and begin t o  determine t h e  l o g i c  of 

t h e s e  responses  

4 .  determine t h e  c r i t e r i a  by which c o n t r o l  i s  a l l o c a t e d  

among t h e  l e v e l s  of sensory c o n t r o l  under v a r i e d  pos tu re  

c o n t r o l  t a s k s  

Experimental  and a n a l y t i c a l  procedures  a r e  : 

I .  Observe s u b j e c t s  s t and ing  undis turbed  w i t h  complete 

sensory informat ion ,  t hen  repea ted  wi thout  sensory cues 

inc lud ing  v i s u a l ,  motion and t a c t i l e  

A .  Perform a s p e c t r a l  a n a l y s i s  of t h e  ankle  angle  and 

torque responses  

1. A t  5-10 second i n t e r v a l  Sam es t o  observe 

changes i n  pos tu re  dynamic c h a r a c t e r i s t i c s  w i t h  

t i m e  

2 .  For t h e  e n t i r e  run  l eng th  t~ observe t h e  

slow phase o s c i l l a t i o n s  

B. W i t h  5-10 second sample l e n g t h s ,  compute t h e  

g a i n s  f o r  t h e  r e f l e x  loop which g i v e  a b e s t  f i t  t o  

t h e  observed torque  d a t a  of each sample, according t o  

t h e  d e f i n i t i o n  of t h e  r e f l e x  response.  The r e f l e x  
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t i m e  de l ay  and t h e  c h a r a c t e r i s t i c s  of  t h e  p o s t u r e  

muscles w i l l  be inc luded  i n  t h e  computation. 

C. Analys is  of  t h e  ank le  ang le  and to rque  responses  

i n  the  t i m e  domain. 

11. Observe s u b j e c t s  s t a n d i n g  wi th  t r a n s i e n t  t o r q u e  and 

ank le  ang le  d i s t u r b a n c e s  in t roduced ,  w i t h  and wi thou t  sen- 

s o r y  d e p r i v a t i o n .  

A.  Compute the  r e f l e x  g a i n  as a f u n c t i o n  of  t i m e  

u s ing  5-10 second sample i n t e r v a l s ,  and t h e  to rque  

responses  n o t  p r o p o r t i o n a l  t o  a n k l e  angle  as i n  I.B. 

above. 

B .  Compare the  t r a n s i e n t  responses  from d i s t u r b a n c e s  

of ank le  a n g l e  (p l a t fo rm r o t a t i o n )  w i t h  ank le  torque  

(p l a t fo rm l a t e ra l  a c c e l e r a t i o n . )  

C .  Analys is  of t r a n s i e n t  responses  i n  t h e  t i m e  do- 

main. 

111. Observe s u b j e c t s  on a compliant  p l a t fo rm and w i t h  

t h e  i n t r o d u c t i o n  of cont inuous random to rque  and ank le  

ang le  d i s t u r b a n c e s ,  w i t h  and wi thou t  sensory  d e p r i v a t i o n .  

A. The basic computat ional  procedures  here are t h e  

s a m e  as t h a t  i n  I.B., excep t  t h a t  t h e  presence  of a 

cont inuous d i s t u r b a n c e  i s  an added dimension. Gain 

w i l l  be determined both  fo r  t h e  "corrected r e f l e x "  

( g a i n  between the ang le  w i t h  r e s p e c t  t o  t h e  v e r t i c a l  

and t h e  t o r q u e  response)  and for t h e  in t roduced  "re- 

f l e x  d i s tu rbance"  ( g a i n  between t h e  p l a t fo rm motions 

and the  t o r q u e  response.  

B. Determine responses  n o t  p r o p o r t i o n a l  t o  the  r e f l e x  

responses .  
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C.  Analys is  of t h e  responses  i n  t h e  t i m e  domain 

11.3 Design of  t h e  Moving Simula tor  

The development of  a p l a t fo rm capable  of  r o t a t i o n  about  

t h e  ank le  j o i n t  w i thou t  l a t e r a l  d i s t u r b a n c e  t o  t h e  upper l e g  

and capable  of measuring t h e  ank le  r e a c t i o n  torque  i s  com-  

p l e t e d .  

The p l a t fo rm performs t h e  fo l lowing  measurements: 

1. ankle  r e a c t i o n  to rque  

2 .  body o r i e n t a t i o n  i n  space  

3 .  ankle  ang le  

I n  a d d i t i o n  t h e  p l a t fo rm a n g l e  can be c o n t r o l l e d .  Its 

r o t a t i o n  a x i s  pas ses  through t h e  s u b j e c t ' s  ank le  j o i n t .  Wi th  

a c t i v e  c o n t r o l  of t h e  p l a t fo rm,  t h e  p l a t fo rm i s  used as: 

1. a d i s t u r b a n c e  t o  t h e  p o s t u r e  loop 

2 .  a probe t o  measure ank le  j o i n t  compliance 

A mechanical system t o  measure ank le  and h i p  a n g l e s ,  ac- 

c u r a t e  t o  one-tenth of  a degree ,has  been developed. T h e  sys-  

t e m  measures l a te ra l  displacements  of t h e  h i p s  and shou lde r s  

and t r a n s l a t e s  these ou tpu t s  i n t o  ank le  and h i p  ang le s .  

React ion to rque  is measured us ing  f o u r  r e s i s t i v e  load  

cel ls ,  each l o c a t e d  a t  one co rne r  of the  f o r c e  p l a t e  on which 

t h e  s u b j e c t  s t a n d s .  Mechanical h y s t e r e s i s  i s  approximately 

+5$. - The g a i n  i s  .125  v o l t s / f t . - l b .  The g a i n  v a r i e s  s l i g h t -  

l y  w i t h  s u b j e c t  weight and must be a d j u s t e d  us ing  t h e  o r i g i -  

n a l  c a l i b r a t i o n s .  

Platform angle  i s  c o n t r o l l e d  by a h y d r a u l i c  c y l i n d e r  and 

Moog servo va lve .  A t  1 0 0 0  p s i  supply p r e s s u r e  and 1 0  degrees  
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peak t o  peak s i n e  wave i n p u t  t h e  p l a t fo rm response  i s  s l i g h t -  

l y  overdamped w i t h  a n a t u r a l  frequency of 6 cps .  

1 1 . 4  Experimental  Cont ro l  and Analys is  

A s m a l l  hybr id  computer composed of  a PDP-8 d i g i t a l  com- 

p u t e r  and a GPS 200T ana log  computer w i l J  be used f o r  expe r i -  

mental  c o n t r o l  and a n a l y s i s .  The fo l lowing  programs have been 

prepared  and tested: 

A. D I N P U T  - Program Cont ro ls  t h e  Experiment and Records 

Data on Magnetic Tape 

The f o u r  measurements, ank le  r e a c t i o n  to rque ,  body 

o r i e n t a t i o n ,  p l a t fo rm ang le  and ank le  ang le  are sampled 

a t  f o u r  samples p e r  second and s t o r e d  i n  core memory. I n  

a d d i t i o n ,  the program performs t h e  fo l lowing  ope ra t ion :  

1. Computes t h e  d e r i v a t i v e  of t h e  r e a c t i o n  torque  

and s t o r e s  t he  r e s u l t  i n  core 

2 .  I n i t i a t e s  quar te r -second t o r q u e  p u l s e s  a t  f i v e -  

second i n t e r v a l s .  A t  t h e  end of  the  quarter-second 

p u l s e ,  t h e  change i n  p l a t fo rm ang le  necessary  t o  gen- 

erate t h e  to rque  r e a c t i o n  f r o m  t h e  ank le  j o i n t  i s  

measured and s t o r e d  i n  core. T h e  ampli tude of  t h e  

p u l s e  i s  r ead  i n  v i a  the  s w i t c h  r e g i s t e r  a t  t h e  be- 

g inn ing  of each run .  

B .  CORRLN - Computes t h e  C o r r e l a t i o n  of Two S i g n a l s  i n  

Core 

To o p e r a t e ,  t h e  fo l lowing  informat ion  i s  loaded v i a  

t h e  switch register: 

1. T h e  addres s  of t h e  f i r s t  s i g n a l  

2 .  The address  of t h e  second s i g n a l  
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(may be t h e  same f o r  a u t o c o r r e l a t i o n )  

3. Number of samples d e s i r e d  

4 .  The address  f o r  s t o r a g e  of t h e  c o r r e l a t i o n  samples 

Each sample is  computed by summing i n  t r i p l e  p r e c i s i o n  

(36 b i t s )  t h e  product  of t h e  ith sample of s i g n a l  one w i t  

t h e  i -I- n th Each r e s u l t i n g  sum i s  sample of s i g n a l  t w o .  

s c a l e d  by d i v i d i n g  by t h e  number of products .  

C.  EXAMIN - Examines the  Data i n  Core P r i o r  t o  Storage  

on DEC Tape 

The torque  response,  to rque  d e r i v a t i v e ,  ankle  angle  

and r e f l e x  g a i n  are reconverted t o  analog s i g n a l s  and re- 

corded on pen r eco rde r .  Subsequently the  c o r r e l a t i o n  

s p e c t r a  a r e  recorded.  

D.  DATATP - Records Data i n  Core Memory on t o  DEC Tape 

o r  V i s a  Versa 

The ope ra to r  has t o  s p e c i f y  tihe i n i t i a l  Block on DEC 

t a p e  f o r  record ing  o r  r e t r i e v a l .  Data i s  redepos i ted  i n  

core  i n  e x a c t l y  t h e  same form and t h e  l o c a t i o n s  from 

which it was taken.  

E .  FRCOEF - Computes t h e  Four i e r  C o e f f i c i e n t s  f o r  Data 

S to red  on DEC Tape 
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I11 ., PUBLICATIONS 

T h e  fo l lowing  t h e s i s  has  been completed i n  t h e  Man- 

Vehicle Laboratory through p a r t i a l  suppor t  of t h i s  g ran t :  

by 
Char les  PI. Oman 

S,M. Thesis, M . I . T . ,  September 1 9 6 8  

Abstract 

The ro le  of t h e  s e m i c i r c u l a r  c a n a l s  i n  human dynamic 
s p a t i a l  o r i e n t a t i o n  w a s  s t u d i e d .  A working d e f i n i t i o n  f o r  
v e r t i g o  w a s  developed based on t h e  assumption t h a t  c o n f l i c t -  
i n g  sensory  m o d a l i t i e s  are t h e  primary e t i o l o g i c a l  f a c t o r .  

Experiments w e r e  undertaken t o  i n v e s t i g a t e  t h e  i n t e r -  
a c t i o n  between v i s u a l  and v e s t i b u l a r  motion cue i n p u t s .  A 
n o n r a t i o n a l  parameter  computer model f o r  human v e s t i b u l a r  
response t o  angu la r  a c c e l e r a t i o n  i n  a h o r i z o n t a l  p l ane  w a s  
used t o  c o n t r o l  a moving bar  d i s p l a y  which showed s u b j e c t s  
s e a t e d  i n s i d e  a r o t a t i n g  chair  cab a v i s u a l  i n p u t  which could 
be made t o  ag ree  or t o  d i s a g r e e  wi th  t h e  t h e o r e t i c a l  sub- 
ject ive s e n s a t i o n  of motion r e l a t i v e  t o  t h e  o u t s i d e  world,  

The s tudy  led t o  an improvement i n  t h e  mathematical  
model f o r  s u b j e c t i v e  response and compensatory eye v e l o c i t y  
by i n c l u d i n g  the e f f e c t s  of s h o r t  t e r m  adap ta t ion .  By 
assuming t h a t  t h e  p h y s i c a l  c a n a l  dynamics w e r e  second o rde r  
and t h a t  t h e  a d a p t a t i o n  mechanism invo lves  a s h o r t  t e r m  home- 
o s t a t i c  s h i f t  i n  the ze ro  response r e f e r e n c e  level,  some of 
t h e  p e r s i s t e n t  d i f f i c u l t i e s  w i th  t h e  c lass ical  " t o r s i o n  
pendulum" model w e r e  overcome. D i f f e rences  i n  nystagmus and 
s u b j e c t i v e  cupulograms, as w e l l  as phase and t i m e  cou r se  
data w e r e  expla ined .  Experimental ly  observed " s u b j e c t i v e  
undershoot' '  and "secondary nystagmus" w e r e  accounted f o r .  

The r e s u l t s  of  d i s p l a y  experiments  i nvo lv ing  f o u r  types  
of tests on f i v e  s u b j e c t s  i n d i c a t e d  t h a t  i n  t h e  presence  of 
a c o n f l i c t i n g  v i s u a l  cue,  s u b j e c t s  e i t h e r  became unable  t o  
assess t h e i r  angu la r  v e l o c i t y ,  o r  r e p o r t e d  s u b j e c t i v e  
v e l o c i t i e s  which w e r e  p r i m a r i l y  v e s i b u l a r  i n  o r i g i n .  No 
confusion w a s  r e p o r t e d  when t h e  d i s p l a y  w a s  d r i v e n  s o  t h a t  
t h e  v i s u a l  cue w a s  sympathe t ic  t o  t h e  t h e o r e t i c a l  s u b j e c t i v e  
response.  However, every s u b j e c t  r e p o r t e d  confusion when 
v i s u a l  i n p u t  w a s  d r i v e n  so  t h a t  it w a s  s t a b i l i z e d  w i t h  

-31- 



respect t o  t h e  o u t s i d e  world.  

T h e  papers - .  whose a b s t r a c t s  are g iven  below p resen ted  some 

of t h e  exper imenta l  e f f o r t s  of t h e  Man-Vehicle Laboratory i n  

the  area of v e s t i b u l a r  research. 

The Cur ren t  S t a t u s  of V e s t i b u l a r  System Models 

by 
L. R. Young 

Automatica, Vol, 5, Pergamon Press, 
G r e a t  B r i t a i n ,  ( i n  p r e s s ) .  

Abstract 

T h e  human v e s t i b u l a r  system f o r  dynamic space  o r i e n t a t i o n  
i s  d e s c r i b e d  mathematical ly ,  us ing  t h e  i d e n t i f i c a t i o n  methods 
of c o n t r o l  theory .  The a n a l y s i s  by s e v e r a l  i n v e s t i g a t o r s  a t  
t h e  M.1 .T.  Man-Vehicle Laboratory,  b u i l d i n g  on t h e  a v a i l a b l e  
data,  has led t o  a b i o c y b e r n e t i c  model which i s  u s e f u l  i n  pre-  
d i c t i n g  man's perce ived  o r i e n t a t i o n  i n  space, p o s t u r a l  reac- 
t i o n s ,  nystagmus eye movements, and p i l o t i n g  a c t i o n s  based on 
motion cues .  The s e m i c i r c u l a r  c a n a l s ,  which  ac t  as angu la r  
v e l o c i t y  s e n s o r s ,  have been s u b j e c t e d  t o  a f l u i d  dynamics 
a n a l y s i s .  T h e  l i m i t a t i o n s  of t h e  t o r s i o n  pendulum model of 
Van Egmond, Groen and Jongkees are examined, and a q u a n t i t a t i v e  
d e s c r i p t i o n  of a d a p t a t i o n  i s  proposed. An o t o l i t h  model, 
responding t o  l i n e a r  a c c e l e r a t i o n  forces, i s  p resen ted  and 
shown t o  ag ree  w i t h  p e r c e p t i o n  of tilt and t r a n s l a t i o n ,  eye 
c o u n t e r - r o l l i n g ,  and e l e c t r o p h y s i o l o g i c a l  data.  Cross-coupling 
e f f e c t s  are d i scussed ,  i nc lud ing  t h e  i n f l u e n c e  of l i n e a r  
a c c e l e r a t i o n  on t h e  s e m i c i r c u l a r  c a n a l s .  

A Model f o r  V e s t i b u l a r  Adapta t ion  
To Hor i zon ta l  Ro ta t ion  

by 
Laurence R.  Young and Char les  M.  Oman 

Presen ted  a t  t h e  4 t h  Symposium on t h e  R o l e  of t h e  
V e s t i b u l a r  Organs i n  Space Exp lo ra t ion ,  Pensacola ,  F lor ida ,  
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Abstract 

S h o r t  t e r m  a d a p t a t i o n  effects are seen  i n  s u b j e c t i v e  sen- 
s a t i o n  of r o t a t i o n  and v e s t i b u l a r  nystagmus. The mathematical 
model f o r  s e m i c i r c u l a r  c a n a l  f u n c t i o n  i s  improved by t h e  add- 
i t i o n  of t w o  a d a p t a t i o n  t e r m s  ( approximately one-half minute 
t i m e  c o n s t a n t  f o r  s e n s a t i o n  and t w o  minute t i m e  c o n s t a n t  f o r  
nystagmus) t o  the overdamped second o r d e r  d e s c r i p t i o n .  A d a p -  
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t a t i o n  i s  r e p r e s e n t e d  as a s h i f t  of r e f e r e n c e  l e v e l  based on 
t h e  r e c e n t  h i s t o r y  of cupula  displacement .  T h i s  model accounts  
f o r  the  d i f f e r e n c e  i n  t i m e  c o n s t a n t s  between nystagmus and sub- 
ject ive cupulograms, secondary nystagmus, and decreased.sensi-  
t i v i t y  t o  prolonged a c c e l e r a t i o n .  

P p  

by 
Robert  W. S t e e r ,  Jr, 

Presented  a t  the  4th Symposium on t h e  
R o l e  of the  V e s t i b u l a r  Organs i n  Space Exp lo ra t ion ,  

Pensacola ,  F lor ida ,  September 1968.  

Abstract 

T h e  i n t e n s i f i c a t i o n  i n  v e s t i b u l a r  research t h a t  has been 
s t i m u l a t e d  by t h e  manned space  f l i g h t  program has brought  t o  
l i g h t  several  areas of c o n f l i c t  between exper imenta l  d a t a  and 
c lass ical  concepts  of v e s t i b u l a r  f u n c t i o n ,  This  paper  we- 
s e n t s  t h e  objectives,  assumptions,  a n a l y t i c  e v a l u a t i o n s  and 
exper imenta l  data acqui red  dur ing  t h e  i n v e s t i g a t i o n s  of t w o  
such t o p i c s  which have been examined i n  some d e t a i l  a t  the  
M.I .T.  Man-Vehicle Laboratory.  

The d i s p a r i t y  between t h e  expe r imen ta l ly  eva lua ted  t i m e  
c o n s t a n t s  of objective and subjec t ive*  responses  t o  angu la r  
a c c e l e r a t i o n s  and the  hydromechanical t i m e  c o n s t a n t s  of t h e  
s e m i c i r c u l a r  c a n a l s  i s  f u r t h e r  accentua ted  by a r i g o r o u s  anal-  
y s i s  of t h e  s e m i c i r c u l a r  c a n a l s  as a d a m D e d  hydromechanical 
angular  acce lerometer .  The dynamic response  character is t ics  
of t h e  s e m i c i r c u l a r  c a n a l s  t o  angu la r  a c c e l e r a t i o n  are shown t o  
be an o r d e r  of magnitude fas te r  than  can be observed by nystag- 
mus and s u b j e c t i v e  responses  t o  v e s t i b u l a r  s t i m u l a t i o n .  I n  add- 
i t i o n ,  it i s  shown t h a t  "rol ler  pump" a c t i o n  of t h e  f l e x i b l e  
c a n a l i c u l a r  d u c t  can ma in ta in  an adequate  Dressure  d i f f e r e n t i a l  
across t h e  cupula  t o  g i v e  it a c o n s t a n t  deEI&tion. T h i s  is 
p h y s i o l o g i c a l l y  e q u i v a l e n t  t o  a c o n s t a n t  angular  a c c e l e r a t i o n  
s t i m u l u s ,  and o f f e r s  a p l a u s i b l e  e x p l a n a t i o n  f o r  t h e  cont inuous 
nystagmus responses  t h a t  are provoked by r o t a t i o n  a t  a c o n s t a n t  
angu la r  v e l o c i t y  about  an a x i s  which i s  n o t  c o l i n e a r  w i t h  an 
a p p l i e d  a c c e l e r a t i o n  f i e l d .  

- 3 3 -  



ln 

i 
CT 
0 
ln .r 
-0 
zc3 

c 

0 
ln 
>5 

t 

2 
Q) 
ln 
D 

if 
3 
0 
v, 
- 
-0 
C 
0 

c a 



CD 
0 

(0 

0 
‘;t 
0 

(u 

0 
0 

1 



(3Z a -  
-I - I W  

I TI: 1 
0 0 0 0 0 0 0 0 0 0 0 0 0  
m N -  - N m * ~ ( D b o o o ,  

I 1 I I I I I I I 

(331J93a) 3 S V H d  



# 
C 
Q) 

c 

E .- 
L 
Q) a 
X 

W 

- 
M 
M 
0 
+ 
v) 

M 
10 
0 

+ 

W 

c 

# 
v 

7- I 

I 

a .- 
W 
-I 
-I 

E 
cn 0 

I- 
Z 
0 
0 

0 

Q) 

.- 

a 

1 

m .- 
n 

s 
t 
C a 



-120 

Figure 5 
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